Laser-induced breakdown spectroscopy (LIBS) was used for the quantitative analysis of elements present in textile dyes at ambient pressure via the fundamental mode (1064 nm) of a Nd:YAG pulsed laser. Three samples were collected for this purpose. Spectra of textile dyes were acquired using an HR spectrometer (LIBS2000+, Ocean Optics, Inc.) having an optical resolution of 0.06 nm in the spectral range of 200 to 720 nm. Toxic metals like Cr, Cu, Fe, Ni, and Zn along with other elements like Al, Mg, Ca, and Na were revealed to exist in the samples. The %-age concentrations of the detected elements were measured by means of standard calibration curve method, intensities of every emission from every species, and calibration-free (CF) LIBS approach. Only Sample 3 was found to contain heavy metals like Cr, Cu, and Ni above the prescribed limit. The results using LIBS were found to be in good agreement when compared to outcomes of inductively coupled plasma/atomic emission spectroscopy (ICP/AES).
Introduction
Laser-induced breakdown spectroscopy provides an easy, swift, and real-time elemental study, with no or very little preparation of samples. The rapid increase in applications of LIBS is due to the continuous research and advancements in the fields of lasers, optics, and related photodetectors [1] [2] [3] [4] [5] [6] . Applications of LIBS are increasing rapidly in different fields, such as in environmental applications, in health [7, 8] , in soil, and in energetic and biochemical investigations [9, 10] . When an intense laser beam, having power density greater than the threshold value of the sample surface, is focused onto the surface of a target, plasma is generated due to high temperature and pressure. The spectral emission from the laser generated plasma is used as a fingerprint wavelength, which assists the detection of the elemental composition of the target. In 2016, CF-LIBS approach was employed for the determination of elemental contents in potatoes [11] . This technique was successfully applied to measure the amount of minerals and toxic metals in calcified tissues [12] . A pulsed Nd:YAG laser was applied to carry out elemental analysis of aluminum alloys [13] . LIBS was applied to analyze edible salts appropriate for patients with kidney problems [14] . The same method was used for the quantitative determination of toxic metals in paints and the measurements are compared with the results of inductively coupled plasma (ICP) spectroscopy [15] . Elemental determination of iron slag samples has been successfully investigated with the methodology we used in the current research work [16] . The elemental determination of pollutants in soils such as chromium, copper, lead, vanadium, and zinc has been carried out using LIBS [17] , and similarly LIBS was also utilized for the quantitative and depth profiling study of Cu(In, Ga) Se 2 thin films [18] .
The aim of the current study is to apply LIBS to analyze elements (including heavy and other elements) and their relative abundance in textile dyes in Pakistan, as it is observed that textile dyes containing toxic metals may cause health risks to clients such as allergic problems in particular. Moreover, quantitative measurement of metal contents can be also useful in a sense that some toxic elements present in dyes may cause problems to workers during their production phase.
Three samples of textile dyes were purchased from a local market in Rawalpindi city of Pakistan, namely, Sample 1 (red dye), Sample 2 (green dye), and Sample 3 (black dye). After separately crushing the samples to powder form, every sample was converted to pellet form. 10 gm of the homogeneous sample was placed in a cylindrical die and pressed hard by applying a load of 10 tons for 30 minutes to make the pellets. These pellets were pasted on a moveable stand and the laser was focused on their surfaces to generate the plasma and the associated emission spectra. To evaluate the %-age concentrations of the observed elements in the dyes, three different techniques based on LIBS were used, namely, standard calibration curve method, intensities of every emission from every species, and calibration-free LIBS approach. The comparative analysis between the results and the outcomes using ICP/atomic emission spectroscopy was carried out and was found to be in excellent harmony. Particularly, Sample 3 was observed to be composed of toxic metals like Cr, Cu, and Ni above the permissible limit that may be hazardous to consumers.
Experimental Setup
The schematic arrangement of LIBS experimental setup used in our study is illustrated in Figure 1 . A pulsed laser from a Q-switched Nd:YAG laser (Ocean Optics, Inc.) working at 1064 nm, 5 ns pulsed duration, and 10 Hz repetition rate was utilized to create the plasma. Gate delay was 2 s, and the integration time/gate width was selected as 3 ms. This laser is capable of delivering energy up to 400 mJ at 1064 nm. A calibrated energy meter (NOVA-QTL, P/N 1Z01507, sr. number 56461) was engaged to measure the pulsed energy. The laser beam was focused on the surface of the sample placed on target stand through a focusing lens (f = of 200 mm). The target was pasted on a rotating target stand, which was gradually rotating at a rate of ∼5 mm/sec to provide a fresh surface after every laser shot in order to keep away from drilling on the target surfaces. The laser energy was optimized to 100 mJ/pulse. To avoid air breakdown in front of the sample, the distance of the focusing lens to the sample was adjusted as 180 mm. An HR spectrometer (LIBS2000+, Ocean Optics, Inc.) detection system with an optical resolution of 0.06 nm in combination with a collecting fiber (high OH, core diameter: 600 m) of a collimating lens (0 ∘ -45 ∘ field of view) was used to register the spectral emissions from the plasma plume. The spectral emissions were collected by a collecting lens placed at 90 ∘ to the direction of plume expansion and the system was optimized for the background noise.
The OOILIBS software was used to subtract the background noise of the detector prior to analysis. The LIBS2000+ detection system was outfitted with five HR spectrometers; every one of them had 5 m slit width and 2048-element linear CCD array. The spectrometer (Ocean Optics, Inc.) covers the spectral range of 220-720 nm. The LIBS2000+ detector and the Nd:YAG pulsed laser were synchronized to register the emission spectrum from the plume. The Q-switch and laser pulsed energy were varied using built-in software OOILIBS. The data recorded via five miniature spectrometers of the LIBS2000+ system was stored in a computer for further investigation.
For ICP analysis of the textile dyes, the samples were ground to powder, and 1/2 g of the samples was digested in strong HNO 3 and left for 24 hr. 10 mm of HClO 4 was mixed and the mixture was then heated at a temperature of 280 to 300 ∘ C. While heating, 2-3 mL of H 2 O 2 was added slowly until the appearance of a transparent solution. Afterwards, the samples were diluted up to 50 mL with HNO 3 (3%) and then cleaned via a filter paper. The resultant remainder was studied by ICP/AES (Optima 2100-DV; Dual View, PerkinElmer). Table 1 displays the parameters of ICP spectrometer used during this study.
Results and Discussion

Emission Studies.
LIBS spectra of textile dyes were captured from the plasma generated in ambient air using the fundamental harmonic (1064 nm) of a pulsed Nd:YAG laser. The emission spectra were recorded in the optical range of 220 to 700 nm, through a multiple-channel spectrometer. The detector was positioned perpendicularly to the direction of plasma plume expansion at a distance of about 1/2 mm from the sample surface, and spectra were recorded at an average of 20 laser shots to improve the signal-to-noise ratio (SNR).
Representative emission spectrum of Sample 1 is shown in Figures 2(a)-2(c) .
The spectrum shows a large number of well-separated emission lines having low background. Attentive investigation of this spectrum with the atomic spectral database of NIST (National Institute of Standards and Technology) declares the existence of Al, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, and Zn. Furthermore, the analysis was confirmed when the LIBS spectra of textile dyes were compared with the individual LIBS spectra of the authentic elements.
Quantitative Measurements.
The concentration of an analyte in a sample can be determined by preparing the standard samples of all the elements of interest in the target. Plotting a calibration curve between known concentrations against the LIBS signal intensities yields the relative composition of the respective elements [19] [20] [21] [22] . To calculate the percentage composition of toxic and other elements present in textile dyes, we used three calibration approaches. In the first approach, calibration curves were drawn between known concentrations of the detected elements versus signal intensity. The spectroscopic parameters of the lines used are tabulated in Table 2 .
These specific atomic emission lines were selected for being more intense, isolated, and well resolved atomic transition lines in the spectral region. About 99.99% pure fine ground forms of all of the above elements were acquired. To construct the calibration curves, different samples containing stoichiometric ratios of these metals were made. In order to ensure fine mixing and homogeneity, powdered forms of all of the collected elements were mixed with the matrix material KBr in a ball milling instrument. Four samples of known concentrations, that is, 0.2, 0.15, 0.1, and 0.05%, of elements under study were made in KBr matrix and LIBS spectra were registered for these four concentrations of every element [16] . A typical calibration curve for Al in Sample 1 is shown in Figure 3 .
A linear calibration curve with -squared of 0.998 shows good linear fitting.
The estimated percentage abundance of the species in textile dyes by this method was tabulated in Table 3 and plotted in Figures 4(a)-4(c) .
In the second method, the sum of the integrated intensities of all observed emissions (neutral as well as ionized) in the spectra for all elements was utilized to determine the relative abundance of the elements. [23] . The relative concentration of metals in textile dyes through the integrated intensity of all the spectral emissions of an element was tabulated in Table 3 and also shown in Figures 4(a)-4(c) .
The third method was calibration-free LIBS. One of the interesting aspects of this technique is that this technique does not require standard samples and involves selfcalibration as well. The detailed explanation of this approach can be found in [11, 24, 25] . This procedure is based on the creation and acquirement of emission spectra of an unknown specimen for every element present in the sample and then the calculation of every emission line area [11] . This method needed the following conditions, local thermal equilibrium (LTE), and no self-absorption.
Under the LTE supposition, the transitional intensity of " " between energy levels to can be expressed as
where is the abundance of emitting elements, is called the experimental factor, is the energy, is the statistical weights of the higher level, gives the average plasma temperature, represents the probability of transition, and denotes partition function of the emitting elements which is temperature dependent and is given by
Taking the log of (1) and solving, we readily get
That gives the linear relationship as
where = , = ln(( ⋅ )/ ( )), and = −1/ . Using (2), the partition function of each element was measured. The experimental factor was approximated via the normalization of the sum of the elemental concentrations as follows: Hence,
(see (4) gives the straight line's intercept of the Boltzmann plot and is related to the logarithm of the abundance of elements times " ." After measuring the value of ( ), , and , (3) was used to determine the abundance " " of each species. The relative %-age concentrations of species in target samples via CF-LIBS are shown in Figures 4(a)-4(c) and tabulated in Table 3 .
One way to confirm the existence of local thermodynamic equilibrium is to validate for McWhirter criterion:
where is called the electron density, is the electron temperature, and Δ is energy difference between the levels involved in the concerned transition.
In order to determine the degree of ionization and excitation inside the generated plasma, the determination of electron number density is mandatory. Stark-broadened line profile of neutral Ca line at 422.67 nm is depicted in Figure 5 . The solid line shows Lorentzian fit, whereas the dotted line points show experimental data. was measured from the full width at half maximum (FWHM) using
where stands for the electron impact parameter or Starkbroadening parameter [26] . For Sample 1, the value of the electron density was (5.4) × 10 17 cm −3 and the electron temperature measured from the Boltzmann plot method was 7849 ± 628 K. By putting the value of electron temperature and Δ (eV) for the Ca-I line at 422.6 nm in (7), the value that came out was less than the value of electron density calculated using (8) . This shows that the dyes generated plasma was in LTE. The electron density was calculated for all the collected samples: Sample 1 ( = 5.8 × 10 17 cm −3 ) and Sample 2 ( = 5.3 × 10 17 cm −3 ). The measured electron densities were tested for McWhirter criteria and got verified.
For the existence of optically thin plasma, comparisons of the experimentally obtained intensity ratio of two interference-free emission lines with the theoretical intensities were calculated. If the two selected lines have equal upper levels, then the exponential terms vanish and the comparison can be then computed utilizing just the spectroscopic constants [27] . The ratios of Ca-I and Fe-I lines were compared by taking values of their corresponding transition probabilities from the NIST database.
The ratio of Ca-I at 442.5 nm/at 452.6 nm and Ca-I at 649.3 nm/at 646.2 nm and, similarly, the ratio of Fe-I at 440.7 nm/at 441.4 nm and Fe-I at 487.2 nm/at 492.0 nm were determined, and the values obtained on both sides are comparable within ∼10% for all the spectra acquired. This consistency reveals the existence of optically thin plasma.
The electron temperature was measured through the Boltzmann plot method using the relative intensities of the detected Ca-I lines. The main equation for the Boltzmann plot method is
where gives the transition intensity between the upper level ( ) and lower energy level ( ), is the wavelength of transition, stands for transition probability, stands for statistical weight of upper level ( ), ( ) is the upper-level population, ( ) stands for partition function, stands for upper level's energy, is the Boltzmann constant, and stands for electron temperature.
The plot of ln( / ) against energy gives a straight line by just equating the slope of the line to −1/ which gives the measurement of electron temperature. The graphical representation of Boltzmann plot (Samples 1, 2, and 3) is shown in Figure 6 . The spectroscopic parameters of Ca-I emission lines utilized in Boltzmann's plot method are tabulated in Table 4 .
The electron temperatures calculated for the emission spectra of the collected samples were given as follows: Sample 2 ( = 7692 ± 615 K) and Sample 3 ( = 7985 ± 638 K). [28] . But it was astonishing to find such a huge amount of chromium 2.11900%, nickel 3.57000%, and copper 0.59000% in Sample 3. Zinc (2.30000%) was found to be in an abundant amount in Sample 2. Similarly, Ca was found to be in an abundant amount in all the collected samples. Limits of toxic metals vary and depend upon the amount of heavy metals and degree of contact of textile dyes to consumer's skin. Toxic metals may have different effects on human health such as disorders of the respiratory tract and lung diseases, skin diseases, abnormalities in fertility and pregnancy, and dysfunction of blood and blood producing organs. The extraction of toxic metals from fabrics by perspiration is the main source of the problems. Therefore, textile dyes should be monitored for the presence of different metals (Al, Ca, Cr, Cu, Fe, Mg, Mn, Ni, and Zn) and their existence has to be controlled by applying different production techniques to prevent these health hazards.
International Journal of Spectroscopy
In the present study, ICP/AES was utilized as a standard analytical tool. Figures 4(a)-4(c) show the relative concentrations acquired through standard calibration curve technique which were close to the analysis of ICP/AES.
Conclusion
Spectroscopic study of textile dyes was carried out by LIBS to determine their composition as well as relative concentrations. The emission spectra revealed the presence of toxic metals (Co, Cr, Cu, Fe, Ni, and Zn) in addition to other elements (Al, Mg, Ca, and Na) in textile dyes. Furthermore, the plasma temperature was determined with a Boltzmann plot method. The electron number density was estimated from Stark-broadened line profiles. The measured electron temperature was the same for all the measured spectra within the range of experimental uncertainty. The comparative analysis of LIBS versus ICP/AES showed that the standard calibration curve method provides the closest results to the results of ICP/AES. Particularly, the amount of zinc and chromium was observed to cross the recommended limit in Sample 2 which may have different effects on human health such as skin allergy. Therefore, it is appreciable to monitor the existence of toxic metals in textile materials. Similarly, the concentrations of toxic metals (chromium and copper) were found to be above the permissible safe limits in Sample 3.
